Background: Hypoxic-ischemic encephalopathy (HIE) has deleterious neurological consequences. To identify patients at risk of neuronal damage deserving implementation of neuroprotective strategies clinicians have relied on prenatal sentinel events, postnatal clinical assessment (Apgar score), and blood gas analysis.
Introduction
Impaired gas exchange during labor leads to hypoxemia, hypercapnia, and metabolic acidosis that if severe enough may cause neonatal encephalopathy [1] . Brain cells are highly dependent on aerobic metabolism to obtain energy for ATP powered ion pumps, synaptic activity, and redox status. Intense hypoxia and re-oxygenation with high oxygen concentrations may lead to cell swelling, hyperexcitability and oxidative stress [2] . Altogether these circumstances may cause neuronal necrosis or activate pro-apoptotic pathways that lead to amplification of the initial damage evolving for hours, days or even weeks [3] . Injury can occur as intracranial hemorrhage or infarction, or the more global injury of hypoxic-ischemic encephalopathy (HIE). HIE occurs in 1-8 per 1000 live births in developed countries. Notably, around 30% of the affected newborns will die in the postnatal period, and a significant number of survivors will develop severe and permanent neurocognitive, motor or sensorial sequel [4] .
In perinatal asphyxia, blood gas analysis of arterial cord samples is characterized by a profound metabolic acidemia with increased lactate concentration. However, lactate production can be induced by non-hypoxic conditions such as glycogenolysis, alkalosis, or catecholamine infusion. Therefore, the reliability of the analysis of cord blood gases is of limited value in predicting HIE [5] [6] [7] . Moreover, the clinical methods employed to assess HIE which include Apgar score, amplitude integrated electroencephalography, and magnetic resonance imaging are useful for predicting some outcome of neonatal hypoxia but lack the sensitivity needed to implement effective therapies such as hypothermia [8] .
For these reasons, there has been a protracted search for biomarkers assessing brain damage and predicting neurocognitive outcome in the neonatal population. The aim of these markers would be to early detect and monitor neuronal damage, to study the pathogenesis of brain damaging disorders, and finally being reliable in predicting outcome [9] . To date the most widely employed encompass among others S100B, neuron-specific enolase, activin A, adrenomedullin, Interleukin 1β, and IL6. However, increased levels in different biofluids of these biomarkers do not always correspond to brain damage. Moreover, these metabolites are not brain specific and may be released by tissues different than brain [10] . Recently, highly specific proteins such as glial fibrillary acidic protein (GFAP) and ubiquitin carboxy-terminal hydrolase L1 (UCH-L1), markers of gliosis and neuronal injury, respectively, have been employed to assess neuronal damage in HIE. Notably, while these biomarkers have shown to be useful in adult brain conditions, findings in the neonatal patients have been somewhat limited. Although some studies shed promising results for both biomarkers for assessment of the degree of brain damage and later neurodevelopmental outcomes [11] , more recently it has been confirmed that there is no correlation between cord blood samples and HIE staging and later neurodevelopmental outcomes. Thus, GFAP and UCH-L1 plasma levels correlate with the severity of HIE and with neurocognitive outcome when determinations are made between 6 and 12 h after birth [12, 13] .
The role of oxidative stress biomarkers has been reviewed [14] . In the experimental setting metabolomic studies performed in animal models of hypoxia reoxygenation have shown that oxidative stress associated metabolites strongly correlate with brain injury. The most specific and reliable biomarkers identified have been isoprostanes, neuroprostanes, non-protein bound iron, and 4-HNE proteins adducts [15] [16] [17] . F2-isoprostanes have been determined to be both biomarkers and mediators of oxidative stress in numerous diseases [18] . Actually, a previous study revealed that F2-isoprostanes increased after ischemia-reperfusion injury in humans [19] . In a rat model of global perinatal asphyxia, increased brain levels of F2-isoprostanes were found in neonatal rats after 20-min asphyxia, as well as alterations in behavioral patterns [20] . Also, high 8-isoprostane levels were found in cerebrospinal fluid from preterm infants with evidence of white matter injury on magnetic resonance imaging at term [21] .
The aim of this study was to identify if markers of lipid peroxidation validated in the newborn period significantly correlated with severe metabolic acidosis determined in cord blood serum immediately after birth using ultra performance liquid chromatography-mass spectrometry methodology.
Material and methods

Study design and participants
This is a prospective case-control observational study performed at the Division of Obstetrics and Gynecology of the Helsinki University Central Hospital (HUCH) during a 12-month period. The Ethics Committee of the HUH approved the study protocol and informed consent was obtained from the parents of all recruited newborn infants.
Eligible participants were inborn newly born infants with gestational age between 37 and 42 weeks. Patients were classified in two groups according to the umbilical cord arterial blood pH, base excess and pCO 2 obtained immediately after birth: control group (pH¼7.20 to 7.40, base excess ¼4 to À 4 mEq/L, pCO 2 ¼5-6.9 kPa) and case group (pH r7.05, base excess ¼ r12 mEq/L, pCO 2 48 kPa).
Sample collection and storage
Serum samples were obtained from cord umbilical artery immediately after cord clamping and before resuscitation maneuvers were initiated. Collected blood was immediately put into a dry cryotube. The tube was held in vertical position and at room temperature to improve the coagulation during 30 min after the extraction. Then, the sample was centrifuged at 2000 Â g for 10 min at room temperature, and the supernatant (serum) was separated and aliquoted. Thereafter, samples were stored at À 80°C until analysis.
Reagents
Isoprostanes' standards of 8-iso- 15 
Materials
SPE-96 well plates (Discovery s DSC-18, 100 mg) were used for sample solid-phase extraction (SPE) (Sigma-Aldrich, St. Louis, MO, USA). Ultrasonic bath (BandelinSonorexDigitec, Berlin, Germany) was used to improve the hydrolysis efficiency. Vortex mixer was from VelpScientifica (Usmate, Italy). Centrifuge Biocen22R was from OrtoAlresa (Madrid, Spain). Thermomixer HLC from Ditabis (Pforzheim, Germany). Speed vacuum concentrator (mi Vac) was from Genevac LTD (Ipswich, United Kingdom). 96-well sample plates (Acquity UPLC 700 mL) from Waters (Barcelona, Spain).
Ultra high performance liquid chromatography-mass spectrometry chromatographic system (UPLC-MS/MS)
The chromatographic system used consisted of a Waters Acquity UPLC-Xevo TQD system (Milford, MA, USA). The conditions employed were established in a recently published work [30] . Briefly, negative electrospray ionization (ESI À ), capillary voltage 3.5 kV, source temperature 120°C, desolvation temperature 300°C, nitrogen cone and desolvation gas flows were 25 and 680 Lh
, respectively, and dwell time was 5 ms. An Acquity UPLC BEH C18 column (2.1 Â 50 mm, 1.7 μm) and pre-column (2.1 Â 5 mm) from Waters, and binary mobile phase CH 3 OH (0.1% v/v HCOOH):H 2 O (0.1% v/v HCOOH) with gradient elution were employed. The flow rate was 0.4 mL min À 1 , the column temperature was 37°C and the injection volume was 10 mL. Mass spectrometric detection was carried out by multiple reaction monitoring (MRM).
Sample treatment
The sample treatment was optimized and assayed as described before [30] . Briefly, serum samples were thawed on ice, and 100 mL of sample was added to 3 mL of internal standard (IS) solution PGF 2α -D4 20 mmol L À 1 and to 100 mL of potassium hydroxide (15%, w/v) incubating at 40°C for 30 min. Thereafter, the hydrolyzates were diluted with 680 mL of H 2 O (0.1% HCOOH, pH 3):CH 3 OH (85:15 v/v), acidified with 20 mL of formic acid (98%), and homogenized. After that, they were kept in an ice bath for 10 min. Then, they were centrifuged at 4000 Â g, at 4°C for 10 min. A solid phase extraction (SPE) procedure was carried for clean-up and pre-concentration. Finally, the extracts were injected in the chromatographic system (UPLC-MS/MS).
Statistical analysis
Taking into account the clinical variables most employed in the acidosis diagnosis, samples were classified into two groups, control (n¼ 19) and case (n¼ 20), corresponding to negative and positive diagnosis, respectively.
Univariate statistical analyses were performed using SPSS version 20.0 software (SPSS, Inc., Chicago, IL, USA). For all analyses, the statistical significance was set at Po 0.05. Data were presented as mean 7standard deviation (SD), median (inter-quartile range, IQR) or number of cases (n) and percentage (%).
Kolmogorov-Smirnov test was used to test for normal distribution of the data. Some parametric demographic and clinical variables were compared between control and case groups using a Student"s t-test. Other variables were compared by nonparametric methods as they were not normally distributed. In fact, MannWhitney U tests were performed to assess continuous clinical variables and biomarker concentration differences between groups. Chi square test was employed to compare categorical variables expressed as numbers (percentage, n).
Receiver operating characteristic (ROC) curve construction was used for diagnostic test evaluation of each biomarker. We calculated the area under the curve (AUC, 95% confidence interval (CI)), which indicates the global accuracy of a biomarker or a group of biomarkers. The cut-off values in the prediction of metabolic acidosis were established as the highest sum of sensitivity and specificity for each marker in the ROC curve. Diagnostic indices were calculated (sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (LR þ), negative likelihood ratio (LR À) and diagnostic odds ratio (DOR) for the biomarkers to diagnose acidosis.
Results
Patient characteristics
A total of 39 newborns were enrolled in the study. According to the blood gas analysis obtained in arterial cord blood, consecutive newly born infants were assigned to the control group (n¼ 19) or case group (n ¼20) as described in Section 2. Patients' demographic and clinical characteristics are shown in Table 1 . There were no statistical differences for gestational age at delivery, gender, mode of delivery, birth weight and body mass index, between the control and case groups. However, case group patients exhibited a significantly lower cord pH, base excess, and Apgar scores as compared to patients from control group (P o0.001). Also, statistical significant differences were obtained for pCO 2 between both groups (Po 0.001).
Perinatal clinical outcomes
From the 20 babies that were classified as cases (umbilical artery pH o7.05), 17 were classified as having asphyxia (85%). However, 6 of them (30%) were considered mild and were not admitted in the NICU. The remaining 11 (55.0%) were admitted in the NICU (Median length of stay: 2 days (range 1-6)), and 4 (20.0%) were staged as moderate to severe HIE according to clinical criteria from the Helsinki University Children"s Hospital, with initial abnormal structured neurological examination, clinical seizures and abnormal multichannel EEG. Two of these babies received hypothermia treatment. No patient died.
Perinatal asphyxia biomarkers
The compounds detected in cord serum samples were PGE2, 8-isoPGE2, 8-iso-15(R)-PGF2α, 1a,1b-dihomo-PGF2α, 2,3-dinoriPF2α-III, 8-iso-15-keto-PGF2α, 5-iPF2α-VI, 8-iso-PGF2α, PGF2α, and total neuroprostanes, neurofurans, isoprostanes and isofurans. Results for these metabolites are summarized in Table 2 . Comparison of biomarkers using the Mann Whitney U test revealed that the median for 8-iso-15(R)-PGF2α (P ¼0.01) and isoprostanes (P¼0.045) were significantly higher in the case group (Table 2) . However, no statistically significant differences were obtained for the rest of the compounds. Box plots for 8-iso-15(R)-PGF2α and isoprostanes in case and control groups are depicted in Fig. 1 .
In addition, we performed ROC curves for 8-iso-15(R)-PGF2α and isoprostanes to estimate their diagnostic power (Fig. 2) . ). 8iso-15(R)-PGF2α and isoprostanes provided good diagnostic accuracy. As shown in Table 3 , the LRþ values for 8-iso-15(R)-PGF2α reveal that it is good diagnostic biomarker. However, isoprostanes show a smaller increase in the likelihood of having positive test in the case group respect to the control group. The DOR values described the strength of the association between the analysis results and the acidosis occurrence. Since all these values were higher than 1, this association was statistically significant, being 8-iso-15(R)-PGF2α the best diagnostic biomarker. 
Correlation between perinatal asphyxia degree and PGF Isoprostane in cord serum
The concentration of 8-iso-15(R)-PGF2α in cord serum correlated significantly (p o0.05) with the degree of asphyxia. Hence, mean serum concentration of 8-iso-15(R)-PGF2α was 2.02 nmol/L, 4.98 nmol/L and 6.43 nmoL/L in non-asphyctic, mildly asphyctic, and moderate to severely asphyctic respectively.
Discussion
In a prospective single center study completed in Belgium, cord blood was analyzed for every newborn for a two-year period totalizing of 6614 newborn infants. Metabolic acidosis defined as an arterial cord pH r 7.05 with or without venous pH r7.17 in conjunction with base excess of r10 mmol/L was present in 0.9% of deliveries, and in 0.1% there were transient neurologic sequel but unluckily no long term follow up was performed [23] . Other studies have tried to identify alterations of umbilical artery blood pH, base excess or even lactate with term infants at risk of morbidity [6, [24] [25] [26] . Notably, despite all these efforts the correlation between low umbilical artery pH, base excess or even lactate and neurological outcome has not been clearly established and most term neonates with low pH, elevated base excess, or even elevated lactate develop normally [27, 28] . Given the possibility of neuroprotection for babies at risk of HIE [3, 4] , it would be desirable to dispose of early and robust biomarkers capable of predicting outcomes and helping neonatologist to establish therapeutic indication.
The aim of this work was to explore the correlation of oxidative stress biomarkers with the clinical variables employed for metabolic acidosis diagnosis, and allow establishing a diagnosis from clinically undefined samples.
Brain is strikingly dependent on aerobic metabolism to satisfy its elevated energy requirements and therefore, highly susceptible even to short periods of hypoxia [2] . Lack of oxygen causes exhaustion of ATP and accumulation of purine derivatives, especially hypoxanthine. Upon re-oxygenation, xanthine oxidase using hypoxanthine as substrate generates a burst of oxygen free radicals, especially anion superoxide causing oxidative stress and damage to nearby molecules such as proteins, lipids and DNA [29] . The deleterious effects of oxygen free radicals upon the brain have been firmly established in clinical studies in the newborn period. Thus, conditions such as hypoxic ischemic encephalopathy have been associated with increased generation of free radicals and oxidative stress derived metabolites. Vasilyevich et al. measured the activity of glutathione peroxidase (GPX) in cerebrospinal fluid (CSF) of newborn infants with HIE [31] . GPX is an essential component of the glutathione redox enzyme system that reduces superoxide anion into hydrogen peroxide. An increased activity of GPX indirectly reveals the existence of a pro-oxidant status and oxidative stress. Remarkably, GPX activity in CSF correlated with clinical stage of HIE, CSF concentration of neuron specific enolase a marker of neuronal damage, and with subsequent neurological outcomes revealing that oxidative stress is a decisive agent in the development of HIE [31] . Kumar et al., determined malondialdehyde (MDA) and nitrate/nitrite levels in plasma of 43 term newborn babies who subsequently developed HIE [32] . MDA is a lipid peroxidation byproduct widely employed in assessing oxidative damage to lipids. Moreover, they assessed the integrity of Table 2 Cord serum isoprostanes' concentrations determined by UPLC-MS/MS for control and case (acidemic) newborn infants.
Compounds
Case the blood brain barrier measuring the cerebrospinal fluid albumin/ plasma albumin ratio. Their findings confirmed a significantly increased concentration of MDA, nitrate/nitrite levels, and CSF/ plasma albumin ratio in asphyxiated babies as compared to normal controls, concluding that both oxidative stress and increased permeability of the blood brain barrier played a relevant role in the pathogenesis of HIE [32] . Ogihara et al. [33] , established a significant correlation between the levels of ortho-tyrosine and meta-tyrosine in CSF of babies evolving to HIE after an asphyctic episode and the presence of non-protein bound iron (NPBI). Circulating phenylalanine oxidation is a highly reliable marker of hydroxyl derived protein oxidation; moreover, in vivo production of hydroxyl radicals requires the presence of transition metals (iron, copper, manganese, etc.) as catalyzing agents and a biologic reducing agent such as anion superoxide or ascorbic acid. Newborn infants with severe HIE had significantly increased nonprotein bound iron, ortho-and-meta-tyrosine, and ascorbic acid levels in CSF as compared to normal controls. Moreover, metabolite levels correlated with the severity of HIE [33] . Shouman et al. [34] also found increased NPBI and MDA CSF and serum levels in babies with asphyxia evolving to HIE, and established a correlation between clinical severity and metabolite concentration. Brain tissue is especially rich in lipid components in their cell membranes. Therefore oxidative derivatives of polyunsaturated fatty acids, such as, arachidonic and docosahexanoic acids, are considered extremely susceptible and therefore, highly specific of oxidative aggression to the central nervous system. Moreover, isoprostanes are highly stable compounds as compared to aldehydes (MDA) or peroxyl radicals, and can be measured in all biologic fluids [15] . Significant elevation of isoprostanes has been detected in neurodegenerative diseases [35] , and HIE [15] . Our group has developed and validated highly reliable methods based on ultra-performance liquid chromatography coupled to tandem mass spectrometry to determine prostaglandin-like and derivatives in plasma, serum, and urine of newborn infants [19, 30] . We wanted to establish a correlation between severe metabolic acidosis and increased prostanoidderivatives as a first step to identify possible early and reliable markers of brain damage. In our study, patients from case group had a significant metabolic acidosis and clinical signs of asphyxia as compared with those from control group (see Table 1 ). When comparing cord serum samples, we found that 8-iso-15(R)-PGF2α and total isoprostanes had a highly significant correlation with severe postnatal metabolic acidosis. Actually, increased brain levels of 8-epi-PGF2a were found in asphyctic newborn rats 2 h after global perinatal asphyxia, and this biomarker could be predictive of delayed behavioral disturbances [22] . These biomarkers have several advantages, such as establishing a quantitative result and diagnosis to clinically undefined samples, and being potential long-term neurological damage biomarkers [14, 22] . This fact can be explained by the molecular damage occurred under hypoxic episode depending on its intensity, duration, previous metabolic state, gestational age, and the degree of development of the antioxidant system, altogether these factors can induce a different response to a hypoxic episode. Thus, we considered that the different biomarker levels found in cord serum samples could reflect this multifactor-dependent oxidative stress damage. Interestingly, while standard clinical and biochemical variables return to normal non-hypoxic values after 4 h, peroxidation biomarkers still remain elevated at this stage [16] . Therefore, these biomarkers could be determined during the first hours after birth and in peripheral blood samples helping clinicians to take more accurately therapeutic decisions.
There are limitations in the present study. The first one is the small sample size employed to study potential biomarkers. However, the incidence of newborn infants with severe metabolic acidosis is not so frequent, and we only chose those located in the extreme of severity. In addition, being a pilot study we just wanted to identify potential biomarkers. A second limitation is the lack of information relative to neurocognitive outcomes. Babies included in the study are being followed and a correlation between biomarkers and neurocognitive follow up will be established.
Conclusions
This is the first study that looks for biomarkers that correlate with the most widely employed clinical variables to diagnose metabolic acidosis in asphyxiated term newborn infants. The metabolite 8-iso-15(R)-PGF2α and total isoprostanes showed suitable diagnostic indices. From these compounds a multivariate model, which takes into account all the possible variables related to the different biomarkers levels and oxidative stress damage, was performed, improving the correlation with the clinical variables and obtaining very good diagnostic indices. Further research will be carried out in an adequately powered prospective study to evaluate simultaneously these new biomarkers as prognostic test of adverse neurological results triggered by perinatal asphyxia.
Conflicts of interest
The authors disclose not conflicts of interest.
